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            Abstract
Dysfunctional breathing is the main cause of morbidity and mortality after traumatic injury of the cervical spinal cord1,2 and often necessitates assisted ventilation, thus stressing the need to develop strategies to restore breathing. Cervical interneurons that form synapses on phrenic motor neurons, which control the main inspiratory muscle, can modulate phrenic motor output and diaphragmatic function3,4,5. Here, using a combination of pharmacogenetics and respiratory physiology assays in different models of spinal cord injury, we show that mid-cervical excitatory interneurons are essential for the maintenance of breathing in mice with non-traumatic cervical spinal cord injury, and are also crucial for promoting respiratory recovery after traumatic spinal cord injury. Although these interneurons are not necessary for breathing under normal conditions, their stimulation in non-injured animals enhances inspiratory amplitude. Immediately after spinal cord injury, pharmacogenetic stimulation of cervical excitatory interneurons restores respiratory motor function. Overall, our results demonstrate a strategy to restore breathing after central nervous system trauma by targeting a neuronal subpopulation.
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                    Fig. 1: Adequate ventilation in ntSCI despite loss of PMNs.[image: ]


Fig. 2: Cervical eINs are necessary for maintaining breathing after ntSCI.[image: ]


Fig. 3: Cervical glutamatergic cells are crucial for sustaining breathing after traumatic cervical SCI.[image: ]


Fig. 4: Stimulation of cervical eINs restores respiratory function immediately after SCI.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 MRI of the cervical spine of a patient with ntSCI due to degenerative cervical myelopathy.
Arrows point to an area of severe compression of the cervical spinal cord at the C3â€“C5 levels, the area that houses the PMNs. Of note, this patient did not have clinical respiratory deficits.


Extended Data Fig. 2 ntSCI mice demonstrate notable compression of the cervical spinal cord.
a, Sagittal 3D view of a reconstructed cervical spinal cord of a ntSCI mouse extending from C1 (rostral, r) to C8 (caudal, c) demonstrates the compressive injury at C4â€“C6 spinal level (arrow). b, Cervical spinal cord sections of ntSCI and sham mice stained with haematoxylin and eosin and luxol fast blue (representative of 4 biological replicates). Scale bar, 600Â Î¼m.


Extended Data Fig. 3 Mice and humans with ntSCI display similar gait dysfunction.
Representative footprint images from both a mouse (hindpaws only are displayed) and a human ntSCI subject demonstrating decreased stride length and increased base of support during walking relative to control subjects.


Extended Data Fig. 4 ntSCI mice display a significant loss of manual dexterity.
a, Representative positionâ€“time graph of forepaw movements during skilled walking on a horizontal ladder. b, Bar graph demonstrating an increased number of incorrect forepaw placements as a percentage of total placements in ntSCI mice during ladder walk (Pâ€‰=â€‰0.0012, 95% CIâ€‰=â€‰16.02 to 39.69). c, Representative image showing reaching and grasping by a ntSCI mouse. d, The number of unsuccessful reaches was greater in ntSCI versus sham mice (Pâ€‰=â€‰0.0025, 95% CIâ€‰=â€‰5.126 to 15.01). e, The time taken (seconds) to consume a whole length of pasta during the Capellini handling test was increased in ntSCI mice (Pâ€‰=â€‰5.71â€‰Ã—â€‰10âˆ’5, 95% CIâ€‰=â€‰59.06 to 97.21). f, The number of grip adjustments made by the mice during the consumption of the pasta (Pâ€‰=â€‰0.0063, 95% CIâ€‰=â€‰13.34 to 52.66). Statistical significance was determined using an independent samples two-tailed t-test in b, dâ€“f; nâ€‰=â€‰3 mice for sham and nâ€‰=â€‰5 mice for ntSCI. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05.

                          Source data
                        


Extended Data Fig. 5 Functional plasticity of the cervical respiratory network under ntSCI.
a, Stacked column graph demonstrating the number of animals with recovered ipsilateral (left) hemidiaphragmatic electromyography (EMG) activity immediately after left C2 hemisection (nâ€‰=â€‰4 mice per group). Length of compression in the ntSCI animals was related to the proportion of animals with ipsilateral inspiratory activity after C2 hemisection (Pâ€‰=â€‰0.0034, chi-square test for trend). b, Representative EMG recordings from the left hemidiaphragm immediately after left C2 hemisection in sham as well as in 2-, 4- and 8-week ntSCI mice.

                          Source data
                        


Extended Data Fig. 6 C2 hemisection.
Haematoxylin and eosin-stained cervical spinal cord section from a mouse subjected to a left C2 hemisection injury. Scale bar, 600Â Î¼m. Staining was performed on 22 separate C2 hemisection samples with similar results.


Extended Data Fig. 7 Anatomical plasticity of the cervical respiratory network in ntSCI.
a, Schematic demonstrating the injection paradigm to assess the anatomical plasticity of the cervical respiratory network after ntSCI. b, c, Bar graphs demonstrating a greater number of cervical interneurons connected to the preserved PMNs (Pâ€‰=â€‰2.0â€‰Ã—â€‰10âˆ’4, 95% CIâ€‰=â€‰96.44 to 183.8, unpaired t-test, two-tailed), and more specifically, a greater number of contralateral cervical interneurons in 8-week ntSCI mice (Pâ€‰=â€‰0.0024, 95% CIâ€‰=â€‰âˆ’166.2230 to âˆ’40.71032, repeated-measures ANOVA with Sidakâ€™s post hoc test for ipsilateral and contralateral comparisons; nâ€‰=â€‰3 mice for sham group and nâ€‰=â€‰5 mice for ntSCI). d, Confocal image of 30-Î¼m-thick transverse cervical spinal cord section demonstrating PRV-traced PMNs on the left (ipsilateral) and prephrenic interneurons in the contralateral ventromedial region; the area where most prephrenic interneurons were located. e, Projections of the PRV152-traced pre-phrenic interneurons to the contralateral area housing the PMNs. Visualization of PRV152 was performed for all samples (nâ€‰=â€‰3 mice for sham and nâ€‰=â€‰5 mice for ntSCI) with similar results. Data are meanâ€‰Â±â€‰s.e.m. *Pâ€‰<â€‰0.05, **Pâ€‰<â€‰0.001.

                          Source data
                        


Extended Data Fig. 8 Expression of PSAM in midcervical excitatory neurons.
High magnification confocal images demonstrate the expression of PSAM (GFP+) in only the excitatory cells (tdTomato+) of the intermediate grey matter. The images were taken from the same sections depicted in Fig.Â 2c, and are representative of results from 6 biological replicates. Scale bar, 50Â Î¼m.


Extended Data Fig. 9 Stimulation of cervical eINs enhances respiratory output.
a, Scheme demonstrating the approach used to express hM3Dqâ€“mCherry in the eINs of the intermediate grey matter of C4â€“C5 spinal level. The Cre-dependent AAV-DIO-hM3Dq-mCherry viral construct was injected in the intermediate grey matter area of the cervical spinal cord of uninjured Vglut2::cre mice (VGLUT2-hM3Dq). b, Representative confocal image demonstrating the expression of hM3Dqâ€“mCherry in the glutamatergic cells of the area of interest (based on 8 biological replicates). Note the lack of expression in the area of motor neurons. CC denotes the central canal. Scale bar, 100Â Î¼m. c, Respiratory measurements showed increased inspiratory amplitude but no change in respiratory frequency following stimulation of the cervical eINs (Pâ€‰=â€‰0.9042, repeated-measures ANOVA; nâ€‰=â€‰8 mice for saline control and CNO groups). The interaction between the change in respiratory amplitude after injection, and treatment (saline versus CNO) was highly significant (Pâ€‰=â€‰0.0002, repeated-measures ANOVA), indicating that the relative change after saline injection is not equal to the relative change after CNO (nâ€‰=â€‰8 mice for saline control and CNO groups). d, CNO did not change either the inspiratory amplitude (Pâ€‰=â€‰0.3513, paired two-tailed t-test, 95% CIâ€‰=â€‰âˆ’0.1077 to 0.04301, nâ€‰=â€‰9 mice) or the respiratory frequency (Pâ€‰=â€‰0.6906, paired two-tailed t-test, 95% CIâ€‰=â€‰âˆ’10.70 to 15.37, nâ€‰=â€‰9 mice) in Vglut2::cre mice lacking the AAV-DIO-hM3Dq-mCherry injections. e, Representative respiratory activity from VGLUT2-hM3Dq mice before and after saline or CNO administration. f, Representative respiratory activity from Vglut2::cre mice lacking AAV-DIO-hM3Dq-mCherry injection, before and after CNO administration.

                          Source data
                        


Extended Data Table 1 StatisticsFull size table
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